Mice with the X-chromosomal sparse-fur (spi) mutation frequently have urinary bladder stones composed mostly of orotic acid, which was identified by the following criteria: ultraviolet and infrared absorption spectra, chromatographic behavior, melting point, and reactivity in a specific color test. This clue led to the discovery that spf-bearing mice have an abnormal form of liver ornithine carbamoyltransferase (carbamoylphosphate:L-ornithine carbamoyltransferase, EC 2.1.3.3) Normal ornithine carbamoyltransferase has maximum activity at pH 7.6-8.0 and 80% of maximun activity at pH 10.0. The enzyme from spf males has 22% of normal specific activity at pH 7.6 but has amost twice the normal value at pH 10.0. The activities of normal and mutant enzymes as functions of the concentration of L-ornithine are also distinctly different. The apparent net deficiency of ornithine carbamoyltransferase ac-*tivity in sparse-fur males is about 90%, which may account for the accumulation of orotic acid and other pathological traits of sparse-fur mice. No dissociation of the sparse-fur and abnormal ornithine carbamoyltransferase phenotypes has been observed, and it is likely that the spflocus determines the structure of liver ornithine carbamoyltransferase. Mixtures of normal and abnormal activities are found in the livers of heterozygous females.
vidual cells has not been made. Since mice having the spf mutation on certain genetic backgrounds have greatly reduced fitness, sparse-fur mice may provide information about alleviating the consequences of ornithine carbamoyltransferase deficiency in humans. Heterozygous female mice should be useful in developing reliable, methods for identifying heterozygous human females and in determining if spontaneous-and induced hepatomas in mice are monoclonal or multiclonai In 1970 (1) one of us proposed a procedure for creating strains of mice having X-chromosomal mutations corresponding to those causing the Lesch-nyhan syndrome (2) in humans. The proposal was outlined in a lecture at the Oak Ridge National Laboratory and it was pointed out that deposits of uric acid in various parts of the body, including the urinary bladder, were frequent consequences of the hypoxanthine phosphoribosyltransferase (IMP:pyrophosphate phosphoribosyltransferase, EC 2.4.2.8) deficiency (EC numbers in this text are from ref.
3) in untreated patients with the Lesch-Nyhan syndrome. L.B.R. had discovered that male mice having the X-chromosomal sparse-fur (spf) mutation (4 and references cited therein) frequently (in 30 out of 43 males dissected) had bladder stones, which she had saved. Some (8, 9) . This transferase occurs most abundantly in liver mitochondria (10) . It seems likely that in deficient patients the carbamoyl phosphate that ordinarily would be consumed in synthesizing citrulline leaks from the mitochondria and permits hypernormal function of aspartic carbamoyltransferase (carbamoylphosphate:L-aspartate carbamoyltransferase, EC 2.1.3.2), the first and rate-limiting enzyme in the pathway of pyrimidine nucleotide biosynthesis. The clue of orotic aciduria in spf/Y mice led to the evidence, described below, that mice with the sparse-fur phenotype have an abnormal form of ornithine carbamoyltransferase, which functions poorly under normal physiological conditions. Since no dissociation of the two traits has been observed, it is likely that the abnormalities comprising the sparse-fur phenotype result from a partial deficiency of OCT activity.
MATERIALS AND METHODS
Genetic Background. The spf mutation arose spontaneously (nonirradiated X chromosome) in the progeny of an irradiated male at Oak Ridge (4) and has been maintained there on various genetic backgrounds that allow different frequencies of survival of spf/Y males. Almost all mice used in the present experiment were derived from the Oak Ridge SPFCP strain, which is maintained by alternate matings of spf/+ 9 X +/Y d (22A stock) and +/+ 9 (22A stock) X spf/Y &. At Madison, the viability of this stock was found to be poorer and the gene was consequently transferred to a C57BL6J background (see Re- sults).
Mouse Diet. The high mortality rate among spf/Y mice prompted us to try rearing them on a low-protein diet to reduce possible hyperammonemia. We used Teklad low-protein diet, which contains 3.2% casein as supplied (Teklad Test Diets, Madison, Wisc.). Each 300 g of the diet was supplemented with 17.2 g of casein, to give a final protein concentration of 9%, and with 3.0 g of L-arginine, 1.8 g of L-asparagine, and 0.9 g of L-methionine (11) . The dry diet was mixed with 300 ml of 1 Sparse-Fur Bladder Stones Consist Mostly of Orotic Acid. The bladder stones recovered from sparse-fur males at Oak Ridge were brownish-white and weighed 9-62 mg. Stones were powdered and recrystallized once from hot water. The UV absorption spectra in 0.01 M KOH and in 0.01 M HC1 suggested that the main constituent of the bladder stones was neither uric acid nor xanthine but was probably orotic acid. The correctness of this hypothesis was supported by several additional kinds of evidence: (i) Melting points. Once-recrystallized orotic acid, which was white, became discolored at 3310 and melted at 332.50; once-recrystallized bladder stone material became discolored at 327' and melted at 3310. We regarded this as fairly good agreement since In contrast, the specific activity of the enzyme in sparse-fur male livers is only 22% of the normal value at pH 7.6-8.0 but is about twice the normal value at pH 10.0 (Fig. 2) . The mutant activity does not increase further at pH 10.4-12.00 (not shown). We did not detect significant differences between enzyme activities from spf/Y and spf+/Y mice in preliminary studies of heat inactivation, inhibition by L-norleucine (14) , and dependence on the concentration of carbamoyl phosphate. It is possible that a more sensitive procedure for determining activity at lower carbamoyl phosphate concentrations would reveal differences between normal and mutant enzymes that could contribute to the pathological consequences of having abnormal ornithine carbamoyltransferase. Even without this contribution, the summed reductions in activity resulting from abnormal pH and ornithine dependence cause a net deficiency of about 90% in spflY males at pH 7.4.
The Sparse-Fur and Abnormal Ornithine Carbamoyltransferase Phenotypes Have Been Inseparable, So Far, and May Be Different Expressions of the spf Allele on the X Chromosome. When the criterion of pH dependence was used, only normal enzyme was detected in nonsparse-fur males and females (two of each sex) of each of the following mouse strains obtained from R. Auerbach's colony: C3H, C57BL, BALB/c, CBA, AKR, TL, 129. This suggests that abnormal enzyme of the sort described herein is not a fairly common trait that has previously been overlooked and that can be expressed independently of the sparse-fur phenotype. So far, abnormal transferase has been observed only in descendants of the three spf/+ heterozygotes from Oak Ridge and in two spf/Y males provided by Dr. Douglas Grahn from the Argonne National Laboratory.
Nonsparse-fur females that were descended from the original spf/+ heterozygotes and that produced at least 10 sons, none of them with the sparse-fur phenotype, were judged to be spf+ /spf+ homozygotes with high probability. Only normal ornithine carbamoyltransferase was observed in each of two such females and in all 10 nonsparse-fur daughters produced by one of them.
In contrast, each of the three spf/+ females from Oak Ridge and their female descendants that produced at least one sparse-fur male had a mixture of normal and abnormal ornithine carbamoyltransferase (Fig. 4) . The unmisable presence of abnormal enzyme was also detected in livers of four out of 10 These observations indicate that a locus determining the structure of ornithine carbamoyltransferase is located on the X chromosome in the mouse. If the locus is not spf itself, the results with male and female progeny produced so far by proven heterozygotes at the University of Wisconsin indicate a 99% probability that the locus is 11 map units or less distant from spf. However, the presence in both spf/Y males from the Argonne Laboratory of the same kind of abnormal enzyme as occurs in Madison spf/Y males makes it almost certain that the spf locus itself determines the structure of the abnormal enzyme. Although the spf stocks at Argonne and Oak Ridge are descended from the same original spf mutant, they have been maintained separately on different genetic backgrounds for many generations. Clinching evidence that the spf locus determines the structure of ornithine carbamoyltransferase would be provided by the demonstration of abnormal activity in spfah mice, which bear an independent mutation that is structurally and functionally allelic to the spf locus (19) (20) is expressed while alleles on the other, inactive, X are phenotypically repressed (21) . We have attempted to determine if individual liver cells of heterozygous females are of two phenotypic classes, "normal" and "mutant", * Note Added in Proof. We have found a second abnormal form of liver ornithine carbamoyltransferase in an Spfash/y mouse kindly provided by Dr. D. Doolittle of Purdue University. The specific activity is less than 5% of normal and is almost invariant in the pH range 6.0-10.0.
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with regard to ornithine carbamoyltransferase activity. Our attempts to apply the Mizutani (22) procedure for the cytological demonstration of this activity to sections of liver prepared with the cryostat have been unsatisfactory: livers from mice that had only normal enzyme consistently yielded cryostat sections that contained groupings of negative as well as of positive cells. Therefore, the observation of groups of deficient cells in livers of heterozygous females would not be critical evidence for single-allele expressions. Some observations do suggest that the ornithine carbamoyltransferase locus is subject to single-active-X control. Fig. 4 displays activities as a function of pH in a special manner. For each liver extract, its activity at a given pH was plotted as a fraction of the activity of the same extract at pH 10 to display most clearly the activities of heterozygous females. The activities of males and females as a function of pH were apparently indistinguishable (Fig. 2) . Therefore, the averaged values of the activity ratios for 20 normal males and 10 normal females are plotted in Fig. 4 , and the range of variation of the activity ratios is displayed by a shaded zone. Similarly, the activity ratios for seven spf/Y males were averaged and plotted with their range of variation indicated by a shaded zone. The values for our sole spf/spf female were determined after preparation of Fig. 4 , but fell within the range of variation for males.
Extracts from normal mice always had greater activity at pH 7.6-8.0 than at pH 10.0. In contrast, the activities of extracts from all five heterozygous females that we studied were higher at pH 10.0 than at pH 7.6-8.0, but the five curves differed significantly. There are two ways of interpreting the curves. (ii) Only one ornithine carbamoyltransferase allele is expressed in individual cells. The curves reflect the relative numbers of cells expressing normal and abnormal enzymes. According to this interpretation, the curves depict a fairly large variance in these proportions, as has been observed in females heterozygous at other X-chromosomal loci that show singleallele-expression. The bold line without individual data points in Fig. 4 
DISCUSSION
The retarded growth and reduced fitness of sparse-fur mice having a strain 22A background may be consequences of partial ornithine carbamoyltransferase deficiency. If so, the mice may provide a useful model for learning how to alleviate the serious, even lethal, effects of ornithine carbamoyltransferase deficiency in humans. For instance, blood ammonia concentrations, orotic acid concentrations, and growth rates as functions of diet and genetic background should now be studied.
The key to reducing the occurrence of new cases of this enzyme deficiency in humans is the identification of heterozygous females, a diagnosis that can then be followed by the avoidance of conception or by the early abortion of male conceptuses. Readily available spf/+ female mice may be valuable tools in the perfection of accurate, convenient methods for the detection of heterozygotes.
It was realized early that the single-active-X phenomenon provided an opportunity to determine if tumors were monoclonal in humans that were heterozygous for alleles of the gpd locus, since monoclonal tumors would express only one allelic form of glucose-6-phosphate dehydrogenase (D-glucose-6-phosphate:NADP+ 1-oxidoreductase, EC 1.1.1.49) or the other, whereas multiclonal tumors might express both forms of the enzyme (24) . This approach has been fruitful (25, 26) ; its potential application to spf/+ mice is obvious, provided singleallele-expression of the locus for ornithine carbamoyltransferase can be demonstrated. It should then be possible to compare results obtained with spontaneous hepatomas, with tumors induced by different carcinogens, and with different genetic backgrounds.
The spf allele may be useful in studying several aspects of the regulation of ornithine carbamoyltransferase activity, including that imposed by the single-active-X control scheme. If the extrahepatic activities reported (10) are of the same sort as the activity present in liver, the same characteristic pH dependence we have demonstrated for liver extracts should be found in other tissues of sparse-fur mice. Our preliminary studies indicate this is true for ornithine carbamoyltransferase of the small intestine, but assay procedures more sensitive than ours are needed for studying other tissues. Finally, the ability to detect mixtures of normal and mutant enzymes should be useful in studying factors regulating the expression of the enzyme in hybridized somatic cells. For instance, it would be interesting to determine if factors that permit the expression of this enzyme in hepatocytes would result in the new expression of normal ornithine carbamoyltransferase in cell hybrids formed by fusing spf+ fibroblasts and spf hepatocytes.
